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Background: Topoisomerase poisons are important drugs for the management of human malignancies. Nitric oxide (
• NO), a physiological signaling molecule, induces nitrosylation (or nitrosation) of many cellular proteins containing cysteine thiol groups, altering their cellular functions. Topoisomerases contain several thiol groups which are important for their activity and are also targets for nitrosation by nitric oxide.
Methods: Here, we have evaluated the roles of
• NO/
• NO-derived species in the stability and activity of topo II (α and β) both in vitro and in human MCF-7 breast tumor cells. Furthermore, we have examined the effects of
• NO on the ATPase activity of topo II.
Results: Treatment of purified topo IIα and β with propylamine propylamine nonoate (PPNO), an NO donor, resulted in inhibition of the catalytic activity of topo II. Furthermore, PPNO significantly inhibited topo IIdependent ATP hydrolysis.
• NO-induced inhibition of these topo II (α and β) functions resulted in a decrease in cleavable complex formation in MCF-7 cells in the presence of m-AMSA and XK469 and induced significant resistance to both drugs in MCF-7 cells. Conclusion: PPNO treatment resulted in the nitrosation of the topo II protein in MCF-7 cancer cells and inhibited both catalytic-, and ATPase activities of topo II. Furthermore, PPNO significantly affected the DNA damage and cytotoxicity of m-AMSA and XK469 in MCF-7 tumor cells. General significance: As tumors express nitric oxide synthase and generate
• NO, inhibition of topo II functions by • NO/
• NO-derived species could render tumors resistant to certain topo II-poisons in the clinic.
Introduction
Nitric Oxide (
• NO) is a small gaseous free radical molecule which easily diffuses in cells and tissues. Extensive research has now shown that
• NO acts as a cellular signaling molecule and is involved in many biological processes, including cell survival, cell death, cancer progression, and the innate immune response [1] [2] [3] [4] [5] . It has been shown that the effects of • NO are biphasic: At high concentrations it induces DNA damage, apoptosis, and cell death while at low concentrations it induces cell survival and tumor progression [6, 7] .
• NO and/or its reactive metabolites (NO + , N 2 O 3 , -OONO) are known to induce nitrosation (nitrosylation) of many proteins by reacting with free thiol groups, resulting in altered protein functions [8, 9] . Furthermore, it is believed that nitrosation plays a significant role in the signaling functions of
NO is formed from L-arginine by nitric oxide synthase (NOS). Three forms of NOS have been identified, including neuronal (nNOS), endothelial (eNOS), and a Ca 2+ -independent inducible isoform (iNOS). High expression of iNOS and increased production of • NO have been described in many human tumors, including breast, prostate and colorectal cancers [10] [11] [12] [13] .
Recent studies from our laboratory have shown that • NO and/or its reactive metabolites, delivered via an NO donor (PPNO), induce significant resistance to both topoisomerase I and II poisons [14, 15] . Topoisomerases (topo) are nuclear enzymes responsible for maintaining the topology of DNA and many of DNA's functions in cells [16] [17] [18] [19] . Inhibition of topoisomerase enzyme functions results in the inhibition of cellular synthesis and ultimately cellular death. It has been shown that the resistance to the clinically active topo poisons results from mutation of the topo gene, and/or decreases in activity of the proteins [18, [20] [21] [22] . We have found that • NO nitrosylates both topo I and II in human breast MCF-7 tumor and colon tumor HT-29 cells when treated with an NO-donor [14, 15] . Interestingly, this nitrosylation of the topo I had no significant effects upon the activity of the protein, nor did it decrease topo I-dependent DNA damage in tumor cells. We have also found that significantly less toxic to tumor cells than the parent drug [23] . Furthermore, we have recently shown that • NO also causes nitrosylation of topo II-SH functional groups in cells [15] . Unlike topo I, nitrosylation of topo IIα leads to a decrease in its catalytic and relaxation activities both in vitro and in tumor cells [15] . An • NO-induced decrease in topo
IIα activity leads to a decrease in DNA damage and induction of significant resistance to etoposide in MCF-7 breast tumor cells. While • NO-derived species nitrosylated free thiol groups of both topo I and II similarly, only the activity of topo IIα was significantly compromised, resulting in decreased DNA damage.
In the present study, we have further characterized the interactions of
• NO (via PPNO, an NO donor) with topo II (α and β) both in vitro and in human MCF-7 breast cancer cells. We show here that • NO significantly modulates the cytotoxicity of XK469, a topo IIβ selective drug [24] , and m-AMSA, used clinically for the treatment of lymphoma and adult acute leukemia [25] . In this study we found that
• NO significantly inhibits the ATPase activity of topo II, resulting in decreased topo II catalytic activity, and suppresses the DNA damage induced by both m-AMSA and XK469 in vitro and in MCF-7 cells. Furthermore, PPNO pretreatment modulates cytotoxicities of both XK469 and m-AMSA in MCF-7 breast tumor cells.
Materials
The nitric oxide donor, propylamine propylamine nonoate (PPNO), and XK469 were obtained from Cayman Chemicals (Ann Arbor, MI). m-AMSA (Amsacrine, N-[4-(acridin-9-ylamono)-3-methoxyphenyl] methanesulfonamide), and the nitric oxide donor, S-nitrosoglutathione (GSNO) were obtained from Santa Cruz Biotechnology, Inc (Dallas, TX). Purified topo IIα, kDNA, and SDS/KCl precipitation assay kits were obtained from Topogen (Port Orange, FL). Purified topo IIβ was obtained from Inspiralis Limited (Norwich, UK). Primary antibody for detection of topo IIβ was obtained from BD Biosciences (Catalog number 611493, San Jose, CA). Primary antibody, anti-gamma H2AX, for the detection of DNA double strand breaks was obtained from Abcam, (Cambridge, MA). Stock solutions of PPNO or GSNO were prepared in 0.2 N NaOH and were stored at −80°C. Stock solutions of XK469 (in DMSO), and m-AMSA (in double-distilled water) were prepared and stored at −80°C. Fresh drug solutions prepared from stock solutions were used in all experiments.
Methods

Effects of
• NO on topoisomerase II activity
Evaluations of the catalytic activities for topo II (α and β) were carried out as described previously [26] . Briefly, topo II catalytic activity was determined by incubating 0.2 µg kDNA with topo II (2 Units) in the presence or the absence of various concentrations of PPNO (25-100 µM) in topo II buffer in the presence of ATP for 30 min at 37°C. For the inhibition studies, topo II in the presence of DNA (without ATP) was incubated with PPNO for 2.0 min on ice and the mixture incubated for an additional 30 min following the addition of 1 mM ATP. The reaction was stopped by adding loading dye and the content was loaded onto a 1% agarose gel.
ATP hydrolysis and inhibition studies
Topo II-dependent ATP hydrolysis was determined by the one-step colorimetric assay using malachite green and molybdate as described previously by Chan et al. [27] . Inhibition studies with PPNO were carried out by including various concentrations of the NO-donor with topo II (α and β) on ice for 5 min and incubating the mixtures at 37°C for 30 min in the presence of 1 mM ATP. Incubations (with PPNO) without ATP were used as blanks.
Cell culture and cytotoxicity studies
Human breast MCF-7 (ATCC, Rockville, MD) was grown in Phenol Red-free RPMI media supplemented with 10% fetal bovine serum and antibiotics. MCF-7 cells (doubling times of about 24 h) were routinely used for 15-20 passages, after which the cells were discarded and a new cell culture was started from fresh, frozen stock. For the treatment with PPNO (25-100 µM), cells were plated in RPMI media containing 1.0% FBS without antibiotics. After the prescribed treatment period (0-2 h), the medium was changed to a regular medium containing 10% FBS with antibiotics.
The cytotoxicity studies were carried out with a cell growth inhibition assay. For the cell count-based growth inhibition studies, 150,000-200,000 cells/well were plated in 2 ml of complete medium onto a 6-well plate (in triplicate) and allowed to attach for 18 h. The medium was removed and fresh warm medium (2 ml) containing 1% FBS without antibiotics and 200 μl of PBS (pH 7.0) was added. Cells were treated with PPNO (100 μM) for 2 h, followed by the addition of various concentrations of drugs (XK469 or m-AMSA), and were incubated for 48 h in the complete medium. DMSO and PPNO were included as the controls. Cells were trypsinized, and the numbers of surviving cells were determined by counting the cells in a cell counter (Beckman, Brea, CA). We used PPNO as our • NO donor because it has a short half-life (15 min at 37°C, pH 7.0) and found PPNO to be the least toxic to cells compared to various other NO donors (e.g., diproylenetriamine nonoate). Even at 100 µM, only 10-15% of cells were found to be dead after 48 h of PPNO exposure.
Confocal microscopy studies in MCF 7 cells
1×10 5 cells were plated for 18 h at 37°C in culture plates on glass coverslips. The medium was removed and replaced with fresh medium, and cells were treated with 100 µM PPNO and 500 µM GSNO for 18 h. To investigate the extent of nitrosylation and co-localization of snitrosated adducts with topo II (α and β) following PPNO or GSNO treatment, the cells were fixed with 4% paraformaldehyde for 15 min at room temperature, washed twice for 5 min, permeablized for 5 min with 0.5% Triton X-100, and washed twice for 5 min. After blocking with 4% fish gelatin in PBS (pH 7.4) for 2 h at room temperature, the cells were incubated with rabbit anti-s-nitrosylated-cysteine igG (diluted 1:2000) and mouse anti-topo II (diluted 1:2000) for 2 h, followed by secondary anti-rabbit Alexa Fluor 488 and anti-mouse Alexa Fluor 568 antisera (both diluted 1:1000) for 1 h. Coverslips containing cells were washed four times and mounted on glass slides using Prolong Gold anti-fade reagent. Confocal images were taken with a Zeiss LSM 510-UV Meta microscope (Carl Zeiss Inc., Oberkochen, Germany) using a PlanNeoFluar 40X/1.3 Oil DIC objective with zoom 3. The 488 nm line from an Argon laser was used for producing polarized light for fluorescence excitation of the Alexa Fluor 488 secondary antibody. All images were acquired with equal excitation power (5%) and identical detection gain (532 V).
SDS-KCl precipitation assay
The formation of covalent topo II/DNA complexes with drugs in MCF-7 cells was quantitated by the SDS-KCl precipitation assay as described by Liu et al. [28] . Briefly, the DNA of cells growing in the logarithmic phase (1-2×10 5 cells/ml), seeded in triplicate in six-well plates, was labeled with [methyl-3 H]-thymidine (1.0 μci, 20 Ci/mmol; Perkin-Elmer, Waltham, MA) for 18-24 h. Cells were washed twice with medium, and various concentrations of drugs (XK469 in DMSO, or m-AMSA dissolved in doubly distilled water) were added. Treatment with PPNO was carried out in medium containing 1% FBS for 2 h. Drug treatment was carried out in the complete medium for 1 h. Cells were lysed with 1 ml of prewarmed lysis solution (Topogen). After lysis and shearing of DNA, DNA-drug-topo II-complexes were precipitated with KCl. The precipitate was collected by centrifugation and washed extensively (4×) with the washing solution (Topogen) per the manufacturer's instructions. The radioactivity was counted in a scintillation counter after adding 5 ml of scintillation fluid. PPNO alone had no significant effect on SDS-KCl precipitate formation.
The Western Blot
The Western Blot analyses for topo IIβ and for the detection of double-strand breaks induced by m-AMSA and XK469 were carried out with standard methods, and samples (40 μg of total protein) were electrophoresed under reducing conditions on 3-8% Tris-acetate gels (Novex, Life Technologies, Carlsbad, CA) for 50 min at 200 V. After electrophoresis, proteins were transferred onto nitrocellulose membranes and probed with anti-topo IIβ, anti-gamma H2AX, and anti-beta actin antibodies. An Odssey infrared imaging system (Li-Cor Biosciences, Lincoln, NE) was used to acquire images.
Statistical analysis
Data are presented as means ± SE of at least three independent experiments and are considered significant when p≤0.05. Statistical analysis was performed using a paired Student's t-test. ** and * denote p values < 0.005, and 0.05, respectively.
Results
Effects of
• NO on topoisomerase II activity Preincubation of topo IIβ with PPNO resulted in a dose-dependent inhibition of decatenation of kDNA induced by 2 U of topo IIβ (Fig. 1B) and a 50% inhibition was observed with 100 µM PPNO (Lane 6; and Fig. 1D ). We also compared PPNO-induced inhibition of this decatenation by topo IIα under identical conditions. It is interesting to note that 2 U of topo IIα was not as active as 2 U of topo IIβ in inducing decatenation of kDNA (Fig. 1A) . This may represent different enzyme preparations from two different sources. However, it is important to note that the pattern of inhibitions induced by PPNO is different from that observed with topo IIβ, as PPNO was effective at lower concentrations, induced significant inhibition at 25 µM, and resulted in almost complete inhibition of the decatenation between 50 and 100 µM of PPNO (Fig. 1C) . In our previous study [15] , the inhibition of decatenation was carried out by preincubating topo IIα for 5 min at 37°C using higher amounts of kDNA while in this study, we preincubated both enzymes on ice for 5.0 min to minimize denaturation/inactivation of the enzymes and used lower amounts of kDNA.
• NO on ATPase activity of topoisomerase II As reported previously by other investigators [29, 30] , both topo IIα and β were effective in inducing the hydrolysis of ATP. Inclusion of PPNO in the reaction mixtures containing either isomer of topo II resulted in a significant inhibition of this enzyme-mediated ATP 
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hydrolysis, and the inhibition was PPNO dose-dependent (Fig. 2) .
Effects of
• NO on DNA double strand breaks induced by m-AMSA and
XK469
Chene et al. [31] have shown that the catalytic inhibitors ICRF-193 and QAP1 inhibit doxorubicin-induced DNA double-strand breaks as detected by decreases in ϒ-H2AX signals. We examined the effects of PPNO on m-AMSA and XK469-induced DNA damage. Results presented in Fig. 3A and B clearly indicate that preincubation of PPNO with MCF-7 cells significantly decreased DNA damage induced by both m-AMSA (75%) and XK469 (75%).
Effects of
• NO on nitrosation of topoisomerase II
We have previously reported that both PPNO and GSNO induced significant nitrosation of topo IIα in MCF-7 cells [15] . In this study, significant nitrosation of topo IIβ was also observed in MCF-7 cells (Fig. 4) . Furthermore, our results show no significant differences between the two topo II isomers in the extent of nitrosation in MCF-7 cells. We also used Western blots to test for the stability/degradation of topo IIβ protein resulting from this nitrosation of topo IIβ. Results shown in Fig. 4C and D show that PPNO had no significant effects on the topo IIβ protein levels in MCF-7 cells, as we have previously reported with topo IIα. (Fig. 5A) . The most interesting finding was that PPNO completely abolished the effects of m-AMSA at lower drug concentrations ( Fig. 5A ; compare the effects of PPNO at 10 −9 M and 10 −8 M).
This decrease in PPNO-dependent cytotoxicity of m-AMSA resulted from decreased DNA damage, as there was a significant decrease in SDS-KCl precipitate formation by m-AMSA in the presence of PPNO (Fig. 4B ).
Cytotoxicity and DNA damage studies with XK469
Because recent studies suggest that topo IIβ may be an important anticancer drug target [24, 32] , we examined the effects of
• NO/ • NOrelated species on its activity by using XK469, a selective topo IIβ poison in the MCF-7 cell line. Our results, presented in Fig. 6A and B, show that XK469 is moderately active in killing MCF-7 cells (IC 50 =12.0 ± 1.5 µM), and PPNO pretreatment significantly decreased (2-fold) XK469 cytotoxicity in MCF-7 cells (IC 50 =25.0 ± 2.0 µM), suggesting that • NO/
• NO-related species inhibited topo IIβ activity in these cells. To further confirm these findings, we also examined topo IIβ-mediated DNA damage induced by XK469 in MCF-7 tumor cells. Data presented in Fig. 6B show that XK469 induced a 2-3-fold increase in SDS-KCl precipitate formation only at a high concentration of XK460 (50 µM) in these cells. PPNO treatment abolished this increase, suggesting that the induction of DNA damage was mediated by topo IIβ.
Discussion
The mechanism of • NO-induced drug resistance in tumor cells is currently not known. Several studies have shown that
• NO can stabilize bcl2 and HIF-1α proteins by nitrosylating reactive sulfhydryl functions [33, 34] , resulting in resistance to cis-platin in tumor cells [33, 34] . We have previously shown that
• NO effectively modulates cancer drug resistance in human MCF-7 breast and HT-29 colon cancer cell lines by interfering with topo I and II functions [14, 15] . [23, 35] . Mammalian cells express two isoforms of topo II (topo IIα and topo IIβ) [36, 37] . Topo IIβ is reported to be involved in the induction of childhood leukemia [38, 39] following VP-16-based chemotherapy. As topo IIβ is also implicated in many cellular functions and may be a target for certain topo-poisons, we have carried out further studies to evaluate the effects of • NO on the cytotoxicity of both m-AMSA and XK469 in human breast MCF-7 cells. While the mechanism of cytotoxicity of XK469 involves its selective interactions with topo IIβ [24] , the mechanisms of tumor cell killing by m-AMSA involve both isomers of topo II [40, 41] NO. This is a significant finding and its implications are very intriguing. First, it describes another mechanism for tumor cell death induced by • NO (or its metabolites) by interfering with topoisomerase ATPase activity, similar to known mechanisms of actions of other catalytic inhibitors including ICRF-187 and related compounds [31, [42] [43] [44] . Catalytic inhibitors do not induce DNA cleavage but inhibit DNA double-strand break formation and activate decatenation checkpoints [45, 46] . Nakagawa et al. [47] have reported that lung tumor cells with impairment in decatenation checkpoints are sensitive to ICFR-193. This would suggest that certain NO-donors can be designed as effective topo II catalytic inhibitors and used for treatment of appropriate tumors with defective decatenation checkpoints. Finally, because our present study implicates
• NO as an ATPase inhibitor (we have also found that • NO inhibits pgp activity by inhibiting pgp-dependent ATPase activity in tumor cells; manuscript in preparation), NO-donors can be utilized to sensitize pgp/MRP-overexpressing resistant tumors in the clinic.
• NO is known to reverse doxorubicin resistance in pgp/MRP-overexpressing cancer cells [48, 49] .
It is clear from this and our previous studies that • NO /
• NO-related species modulate toxicities of various clinically active topoisomerase IIpoisons, which results in resistance to these drugs in tumor cells. In this study we have identified the mechanism of this resistance where nitric oxide generated via an NO donor induces significant inhibition of ATPase activity of both topo IIα and β. Furthermore,
• NO / • NO-related species suppress double strand breaks induced by these topo-poisons. Under this scenario of nitrosative stress found in human tumors overexpressing iNOS where significant amounts of
• NO are continuously generated, it is not surprising that significant resistance to chemotherapy develops following treatment with topo-active drugs. The situation becomes even more difficult to manage in the clinic when inflammatory conditions present in tumors induce resistance to other important clinical drugs, e.g., taxol, as reported by Heinecke et al. [50] . Our present results further strengthen that
• NO is an important modulator of cytotoxicity and resistance to topoisomerase poisons in tumor cells. Understanding of the mechanism(s) of this
• NO-induced resistance will lead to effective strategies for curing cancers in the clinic. Furthermore, better, and more specific NO donors can be designed to treat cancers with decatenation checkpoint defects.
Conclusions
Studies reported here show that • NO generated via an NO donor inhibits ATPase activity of topo II (α and β), leading to inhibition of the catalytic activity of the proteins. Furthermore,
• NO also induces significant nitrosation of these proteins in human MCF-7 breast cancer cells. We found that pretreatment of MCF-7 cancer cells with PPNO resulted in significant resistance to both m-AMSA, a clinically important drug for the treatment of human tumors, and to XK469, a selective topo IIβ-poison. The resistance to these drugs appears to result from decreases in cleavage-complex formation and the suppression of druginduced DNA double strand breaks by PPNO. These events, taken together, would suggest that S-nitrosation of topo II proteins by
• NO, most likely involving two -SH functions of ATPase, leads to conformational changes which, in turn, induce inhibition of ATP binding to the protein, resulting in inhibition of decatenation of DNA (catalytic inhibition) and induction of resistance to topo II poisons.
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